To analyze imaging studies of 25 cases of agenesis of the corpus callosum with interhemispheric cyst to assess this malformation itself and associated anomalies. Methods: CT (6 patients) and MRI (19 patients) were retrospectively reviewed. The patients were categorized according to morphologic and clinical characteristics. Results: Based on morphology, the patients were separated into two major types, each with subtypes. Type 1 cysts appear to be an extension or diverticulation of the third or lateral ventricles, whereas Type 2 are loculated and do not communicate with the ventricular system. Type 1a were associated with presumed communicating hydrocephalus but no other cerebral malformations. Type 1b were associated with hydrocephalus secondary to diencephalic malformations prohibiting egress of CSF from the third ventricle into the aqueduct of Sylvius. Type 1c were associated with small head size and apparent cerebral hemispheric dysplasia or hypoplasia. Type 2a (multiloculated cysts) were associated with no abnormalities other than callosal agenesis/hypogenesis. Type 2b were associated with deficiencies of the falx cerebri, subependymal heterotopia, and polymicrogyria (and were almost all in patients diagnosed with Aicardi syndrome). Type 2c were associated with subcortical heterotopia. Type 2d consists of interhemispheric arachnoid cysts. Other than those with Type 2b cysts, gender predominance was overwhelmingly male. Conclusion: Agenesis of the corpus callosum with interhemispheric cyst appears to consist of a heterogeneous group of disorders that have in common callosal agenesis and extraparenchymal cysts, both of which are among the commonest CNS malformations. This article proposes a classification system, based primarily on morphology, by which this complex group of disorders might begin to be better understood. NEUROLOGY 2001;56:220 -227 The ability of MRI to show the gross morphology of the brain in vivo using thin sections in multiple planes has allowed the identification of previously unknown malformations, 1,2 a new appreciation of the frequency of malformations that were previously thought extremely rare, 3,4 and differentiation of malformations that were previously combined.
The ability of MRI to show the gross morphology of the brain in vivo using thin sections in multiple planes has allowed the identification of previously unknown malformations, 1,2 a new appreciation of the frequency of malformations that were previously thought extremely rare, 3, 4 and differentiation of malformations that were previously combined. 5 Although MR has been utilized to assess the agenetic/ dysgenetic corpus itself and associated limbic system anomalies, [6] [7] [8] [9] [10] [11] there has been little work analyzing the interhemispheric cysts that sometimes accompany callosal agenesis and hypogenesis. [12] [13] [14] [15] [16] In this study, the MRI characteristics of 25 patients with callosal agenesis with accompanying interhemisperhic cysts were retrospectively analyzed. Based on this analysis, a classification scheme is proposed.
Methods.
A review of the teaching files and records in our department revealed 25 patients in whom imaging studies had revealed agenesis or hypogenesis of the corpus callosum associated with an interhemispheric cyst. The patients included 18 boys and 7 girls. Sixteen of the patients were initially imaged as neonates, four as infants (ranging from 2 to 10 months), and five as children (ranging from 2 to 7 years). Indications for imaging were macrocephaly in 15 patients, seizures in 6 patients (3 with partial motor seizures and 3 with infantile spasms), macrocephaly and dysmorphic features in 1 patient, macrocephaly with seizures in 1 patient, microcephaly with infantile spasms in 1 patient, and partial motor seizures with right spastic hemiparesis in 1 patient.
Imaging consisted of MR in 17 patients, X-ray CT in 6, and both MR and CT in 2. MR studies varied in technique, as they were performed at multiple institutions over a period of 16 years. However, all studies included sagittal T1 images, axial T1-weighted images, axial T2-weighted images, and coronal T1-or T2-weighted images. All CT scans included both axial and coronal images, although in three patients the coronal images were reformatted from 5-mm-thick axial sections. Paramagnetic contrast was administered in five of the MR scans and iodinated contrast was administered in two of the CT scans.
All of the scans were reviewed with particular attention to the degree of callosal abnormality (agenesis versus hypogenesis, severity of hypogenesis), character of the cyst (unilocular versus multilocular, intensity or attenuation as compared to CSF of the ventricles and subarachnoid space, location, communication with the ventricular system), and the presence and type of associated malformations. Clinical information was limited, as most of the patients were imaged as neonates because of macrocephaly or ultrasound findings of ventricular enlargement or cyst. When information from later in infancy or childhood was available, it was examined to determine neurologic status, developmental status, the presence or absence of seizures, type of seizures, and whether any anomalies were present outside of the nervous system. Based on these characteristics and the clinical characteristics, the cysts were separated into two major categories, with a total of seven subcategories.
Results. The major differentiation (Type 1 and Type 2) was based upon whether the cyst was in communication with the ventricular system; we define Type 1 cysts as those that communicate with the ventricles, whereas Type 2 are defined as loculated cysts that do not communicate. Type 1a interhemispheric cysts were associated with (presumed) communicating hydrocephalus but no other cerebral malformations. Type 1b interhemispheric cysts were associated with hydrocephalus secondary to malformations prohibiting egress of CSF from the third ventricle into the aqueduct of Sylvius. Type 1c interhemispheric cysts were associated with small head size and apparent cerebral hemispheric hypoplasia. Type 2a interhemispheric cysts (loculated) were associated with no abnormalities other than callosal agenesis/hypogenesis. Type 2b interhemispheric cysts were multiloculated cysts associated with deficiencies of the falx cerebri, subependymal heterotopia, and polymicrogyria. Type 2c interhemispheric cysts were associated with subcortical heterotopia. Type 2d interhemispheric cysts are arachnoid cysts; we did not have any such cysts in our series, but they are well described in the literature.
14 Our patient group included seven patients with Type 1a interhemispheric cysts, six patients with Type 1b cysts, two patients with Type 1c cysts, two patients with Type 2a cysts, five patients with Type 2b cysts, and three patients with Type 2c cysts.
Type 1 cysts. Patients with Type 1a cysts included seven boys. All presented with macrocephaly during the first few days of life. All were diagnosed with hydrocephalus (presumably communicating); indeed, the three patients who were not immediately shunted showed progressive head enlargement and ventricular enlargement that was arrested by insertion of a ventriculoperitoneal shunt. Five of the patients had complete callosal agenesis, whereas the other two had callosal hypogenesis, with presence of the posterior genu only. Two patients had associated Dandy-Walker malformations. The falx cerebri appeared normal in four patients, was deficient anteriorly in two, and seemed to be completely absent in one. The cysts themselves were large, extending nearly the entire anteroposterior length of the calvarium, and in communication with at least one lateral ventricle and the third ventricle. One was in communication with a small parietal meningocele (figure 1). The structures of the roof of the third ventricle were laterally displaced by the cyst and in five of the patients a membrane that was considered the cyst wall could be identified near the inner table of the calvarium, particularly after shunting. Six of the seven cysts were predominantly on one side of the midline, even in those with a deficient anterior falx. The cyst in the seventh patient was in the midline; this patient had associated Dandy-Walker malformation and no appreciable falx cerebri. Contrast was administered in three patients; no enhancement of the cyst walls was seen.
Patients with Type 1b cysts by definition had an apparent obstruction to flow in the third ventricle. The obstruction appeared to result from fused thalami in five of the patients (figure 2). In the sixth patient, obstruction appeared to be the result of a hamartomatous-appearing mass that seemed to originate in the right thalamus and extend laterally across the posterior third ventricle. All patients in this group, which included four boys and two girls, were initially detected as neonates because of macrocephaly. Three of the patients had complete callosal agenesis whereas three had callosal hypogenesis; two showed presence of only the posterior genu whereas the third appeared to have both genu and anterior body. Two of the patients had parietal meningoceles in the regions into which their cysts extended. The falx cerebri appeared normal in two patients and absent in two patients. In the two remaining patients (with meningoceles), the falx was deficient in the area of the calvarial defect; in one, the falx was also hypoplastic anteriorly. The cyst itself occupied most of the anteroposterior diameter of the calvarium in three patients who were imaged prior to shunting but was more localized in the other three, imaged after treatment. In the two patients with cephaloceles, the cyst was localized to the parietal-occipital regions of the interhemispheric fissure. In the two patients with normal falx cerebri, the cyst was centered on one side of the falx, whereas the cyst was centered in the midline in the other four. Contrast was administered to two of the patients; no enhancement of the cyst wall was seen.
Group 1c was composed of two boys, who were imaged as neonates because of either microcephaly and neonatal seizures or ventriculomegaly detected on a routine prenatal sonogram. Both were microcephalic (head circumference more than two standard deviations below the norm). Both had complete callosal agenesis and both had inferior vermian hypogenesis. One had associated kinking of the brainstem (figure 3). The falx was normal in both. The cyst in both patients was continuous with the entire ventricular system. The affected hemicalvarium was slightly larger than the contralateral side despite the microcephaly and the fact that the ipsilateral hemisphere looked slightly small. No cyst walls were identified. Contrast was not administered to these patients.
Type 2 cysts. Group 2a was composed of two boys who were imaged for macrocephaly as neonates. Both had complete callosal agenesis and multiple loculated cysts of CSF intensity that did not communicate with the ventricular system (figure 4). In neither could the cingulum or medial ventricular walls be assessed because of severe distortion by the cysts and accompanying hydrocephalus. The cysts were on both sides of the midline. The falces cerebri had normal appearances. No other brain anomalies were identified. Contrast was not administered to these patients.
Group 2b was composed of five girls who were imaged as neonates or infants for either seizures or macrocephaly. Four had complete callosal agenesis whereas the fifth had callosal hypogenesis with presence of the posterior genu and anterior body. All patients in this group had frontal or frontoparietal polymicrogyria and subependymal heterotopia (figure 5). All had at least one dilated lateral ventricle that appeared to result from a diminished volume of adjacent white matter. All had a hypoplastic falx cerebri, with the posterior aspect being more severely involved. The interhemispheric cysts in this group extended across the midline and did not communicate with the ventricular system. All of the cysts had different signal from CSF; the fluid had higher attenuation on CT and shorter T1 relaxation time (see figure 5 ), which suggests higher protein content. The cyst walls appeared thick and manifested en-hancement in the two patients in whom contrast was administered.
Group 2C was composed of three children who were imaged because of either epilepsy or craniofacial dysmorphism. All had complete callosal agenesis (figure 6). All patients in this group had large subcortical heterotopia involving a variable amount of one (two patients) or both (one patient) cerebral hemispheres. The patient with bilateral heterotopia had associated anomalies of the cerebellum (which had the appearance of diffuse cerebellar polymicrogyria) and a hypoplastic pons. The cysts in these patients were multilocular, slightly hyperintense to CSF on T1-weighted images, did not communicate with the ventricular system, and crossed the midline despite the normal-appearing falces cerebri.
Discussion. Although the association of interhemispheric cysts with absence of the corpus callosum has been recognized and reported may times since the 1920s, 15, [17] [18] [19] a good deal of disagreement about these malformations persists in the literature. Are these arachnoid cysts, 14 neuroepithelial cysts, 12 or extensions of the third ventricle, lined by ventricular epithelium 20 ? Are these malformations usually isolated 14 or are they associated with other malformations of the skull, meninges, and brain 15 ? The purpose of this study was to try to answer these and other questions. We found that interhemispheric cysts associated with callosal anomalies had a variable appearance and that several brain malformations were present in some of the affected individuals.
It seemed that the best way to analyze the data we derived from our analysis was to separate the patients into groups based upon similar morphology. The determination of the system by which to classify these patients was difficult. Several other authors have offered classifications. One early classification divided the patients based on results of pneumoencephalograms and pneumoventriculograms into those with communicating (with the ventricular system) and noncommunicating cysts. 15 The communicating cysts were divided into "primary cysts," which were defined as being associated with a deficient falx cerebri, and secondary cysts, in which the falx was intact. This system did not work well for our series in that it did not account for the parenchymal abnormalities that we identified. Another author proposed separating intraparenchymal porencephalic cysts from extraparenchymal cysts and, within the latter group, midline cysts from parasagittal cysts.
14 How- ever, this population was limited to cysts that did not communicate with the ventricles (two of the extraparenchymal cysts were identified histologically as arachnoid cysts). In addition, this classification also did not account for associated parenchymal anomalies. A more recent classification, proposed in 1998, is more sophisticated and proposes three categories. 10 Type 1 cysts were expansions of the ventricular system (similar to the communicating cysts group of the first classification system above); no other brain anomalies were identified in this group. Type 2 cysts were intraparenchymal, associated with polymicrogyria, heterotopia, and schizencephaly, and were postulated to be destructive lesions such as porencephalies. Type 3 cysts were multilocular, did not communicate with the ventricles, and appeared to have intra-and extraparenchymal components. Heterotopia, cortical malformations, and other extraparenchymal cysts were present in all patients with Type 3 cysts. We had problems incorporating our patients into this system, too, as it does not allow for the separation of patients with fusion of the diencephalon from those with diencephalic separation; these groups, as will be discussed below, seem to be different even though the cysts themselves appear similar. Thus, we elected to devise and propose a new classification system. Our classification combines the approach of two of those described above. Our primary criterion for classification is whether the cyst appears to be in communication with the ventricular system (Type 1) or not (Type 2). Although we did not perform intrathecal or intraventricular contrast studies in the majority of our patients and, therefore, we cannot be absolutely certain as to whether communication was present, we believe that the identification of multiple loculations and visualization of the walls of the loculations is adequate evidence of lack of communication in Type 2. In addition, the loculated cysts typically had different signal intensity than the CSF in the ventricles. We are somewhat less certain that all of our "communicating" cysts were, indeed, in communication with the ventricles. Nonetheless, the lack of a visible wall between the cyst and the ventricles and the isointensity of the cyst fluid with that of the ventricles were used as the criteria for defining this group, which appears clearly different from the other.
After determining whether the cyst was Type 1 or Type 2, we further subdivided them by the other features. For example, we separated those patients in whom the hydrocephalus was presumably the result of diencephalic anomaly (Type 1b) from those in whom no cause for hydrocephalus could be identified (Type 1a). Another reason to separate these groups was that the patients classified as Type 1a were all (7/7) boys, whereas those with Type 1b included four boys and two girls. Although this difference in sex distribution is not significant (p ϭ 0.19), it is different enough to suggest that the genetic cause of the diencephalic anomaly (the presumed cause of hydrocephalus in Type 1b) may well be different from the cause(s) of hydrocephalus in the other group. We also created a separate group for the two patients with microcephaly, in whom the interhemispheric CSF collections are presumed to be continuous with the ventricular systems because of cerebral dysgenesis or prenatal injury (Type 1c). All other Type 1 patients were macrocephalic from hydrocephalus and their CSF collections are suspected to be diverticula of the expanded ventricular system, as suggested by previous authors. 15, 20 Type 1c is, therefore, roughly analogous to Type 2 cysts of the 1998 classification system described above, 10 as it may be the result of in utero destruction.
Some would question whether the group with thalamic fusion and dorsal cysts might be better classified as having holoprosencephaly. A recent morphologic study of a large group of patients with holoprosencephaly, however, showed that the hypothalamus and caudate are fused in greater than 95% of affected patients, whereas the thalami were fused in only 67%. 21 Therefore, thalamic fusion is not a sensitive criterion for the diagnosis of holoprosencephaly. Neither is it specific, as thalamic fusion is seen in many conditions, such as Chiari II malforma- tions and X-linked hydrocephalus. Therefore, in the absence of more rostral fusions, such as in the hypothalamus and caudate, the presence of fused thalami does not qualify a malformation as being holoprosencephaly. We do not believe that our Type 1b cases, in which the malformation was limited to the thalami, should be classified as holoprosencephaly.
One might dispute the validity of including the patient with the diencephalic hamartoma in the group with thalamic fusion. We believe that more cases with diencephalic hamartomas and callosal agenesis will be found and that some of these will have interhemispheric cysts. At that time, a separate category might be established (Type 1d?), which will almost surely be genetically distinct from Type 1b. Similarly, the patient with cerebellar dysplasia may have a different underlying genetic defect than the other patients with Type 2c. For now, combining all patients with diencephalic anomalies that result in impaired flow of CSF through the third ventricle and combining all patients with subcortical heterotopia seems better than having categories with only one patient or having a wide variety of clearly different malformations lumped together in a Miscellaneous category. Ultimately, the different groups and subgroups will be definitively sorted out by observing and reporting more patients with these anomalies. Therefore, this classification can be considered an initial step in sorting out the different types of callosal agenesis with interhemispheric cyst. We believe that the framework of this classification, based upon the morphology of the cyst, will survive and remain useful as potentially many different categories are added.
Our Type 2 group was also subdivided based upon the presence or absence and the type of associated anomalies. Type 2a patients, with no apparent associated anomalies, were easy to separate from Types 2b and 2c. We separated Type 2b from the other Type 2 cysts because all five of the patients were female (in stark contrast to the 9:1 male:female ratio among the other 20 patients in this series) and because all had similar findings of frontal polymicrogyria, subependymal heterotopia, and deficiency of the falx cerebri. Indeed, we believe that all five of these girls had Aicardi syndrome 22 even though the characteristic retinal lacunae were positively identified in only four of them. Examination of a cyst from a girl with similar associated brain malformations determined the cyst to be a neuroepithelial (gliaependymal) cyst. 12 We believe that this histologic result further supports our classification of these as different types of cysts from those that are extensions of the ventricular system. The patients classified as Type 2c all had subcortical heterotopia, which is known to have a high incidence of callosal anomalies. 23 One of these three patients also had a hindbrain malformation and may, therefore, have a different underlying genetic defect from the other two. For reasons discussed above, we have chosen to classify this patient with the other patients with subcortical heterotopia for the present. Although we did not have any definite arachnoid cysts in our series, it is clear that histologically proven arachnoid cysts do occur in association with callosal agenesis. 14 These cysts do not communicate with the ventricular system and, therefore, we have included them in our classification as Type 2d. We would expect these cysts to have signal intensity identical to the CSF in the ventricles.
The use of our classification system allows several patterns to become clear. As stated earlier, the interhemispheric cysts in Types 1a and 1b seem to be ventricular diverticula. All of the patients in these groups presented with macrocephaly due to hydrocephalus. All had appearances quite similar to pneumoencephalograms, 15 which demonstrated that the cysts were extensions of the ventricular system. The cause of the hydrocephalus is unknown, but it is tempting to speculate that abnormalities in the embryonic mesenchyme inhibit expression of the Slit and Comm proteins, both of which are critical to normal midline crossing of callosal axons. 24, 25 Disorders of dorsal embryonic mesenchyme could also result in dysplasia of the leptomeninges 26 with resultant impaired CSF resorption. It is tempting to speculate that the hydrocephalus is noncommunicating, as an animal model of callosal agenesis with interhemispheric cyst, the hyh (hydrocephalus with hop gait) mouse, 27 has noncommunicating hydrocephalus as a result of aqueductal stenosis. The hyh mice have dilated lateral ventricles and a large third ventricular diverticulum/cyst, narrowed rostral cerebral aqueduct, cystic caudal aqueduct, and no communication of the aqueduct with the fourth ventricle. 27 The cerebellum has a mild cortical malformation. The mutation that causes the malformation has been mapped to the proximal end of chromosome 7, close to the Gpi-1 locus. We did not identify abnormalities of the aqueduct in our patients, however, so we believe that the hydrocephalus could still be communicating. Either way, we believe that the hyh mice might prove a useful model for study of the development of Type 1 cysts.
All of the subgroups of patients with Type 2 cysts seem quite distinct. It is difficult to understand why multilobulated cysts develop in the interhemispheric region in association with callosal agenesis and hydrocephalus unless it is, again, related to abnormal differentiation of the primitive mesenchyme; the interhemispheric mesenchyme forms the permissive substrate for axonal crossing of the midline commissures and later differentiates into the subarachnoid space. 28, 29 Regarding Type 2c cysts, a recent publication noted that 9/13 patients with subcortical heterotopia had callosal agenesis or hypogenesis. 23 Of these, three had an associated interhemispheric cyst. Thus, this group seems quite distinct from the others. However, a relationship between the presence of callosal agenesis and a multilocular interhemispheric cyst is easier to explain than the association with the heterotopia. Possibly, the same signaling molecules (e.g., integrins, semaphorins, netrins 30 ) that guide the callosal axons to their midline crossing points also function to guide neurons in their migration from the germinal zone to the developing cerebral cortex. Supporting this concept is the fact that mutation of the netrin receptor Unc5h3 results in abnormal migration of cerebellar granule cells. 31 Likely candidate genes for mutations that lead to abnormal expression of mesenchyme in the interhemispheric fissure include the Bmp, Pax, and Wnt families, as well as the Zic2 gene. All of these exert an influence on the normal differentiation of the dorsal structures of the neural tube. 32 In theory, mutations of genes guiding development of the dorsal mesenchyme could also lead to abnormal development of the subarachnoid space, resulting in arachnoid cysts in the interhemispheric fissure (Type 2d cysts).
The high incidence of male patients in this series is in agreement with a prior report. 13 However, as alluded to above, more careful analysis of the male: female ratio suggests that some types of callosal anomalies with interhemispheric cyst are more common in males whereas others are more common in females. This finding again emphasizes that callosal agenesis with interhemispheric cyst is not a single malformation, but a heterogeneous group of disorders that have in common callosal agenesis or hypogenesis and a midline cyst. It should be asked whether some of our patients (particularly in groups 1a and 2a) are a part of the disorder known as X-linked hydrocephalus. 33 X-linked hydrocephalus has become better understood recently as a result of the finding of its association with mutations of the L1CAM gene at Xq28. [34] [35] [36] Several studies have revealed that this disorder is complex, being associated with hypoplasia or absence of the corticospinal tracts, dysplasia of the cerebral mantle, a large massa intermedia, a small brainstem, atrophy of the anterior cerebellar vermian lobules, and diffuse hypoplasia of the cerebral white matter. 37 These features were not found in our patients, nor in other reported cases of callosal agenesis with interhemispheric cyst and male predominance. 10, 13 Finally, interhemispheric cysts have not been reported in association with L1CAM mutation hydrocephalus. Thus, al-though some of our patients are likely to have a form of X-linked hydrocephalus, it seems unlikely that they have the classic form associated with mutations of L1CAM.
